Current global phylogenies are built predominantly on rRNA sequences. However, an experimental system for studying the evolution of rRNA is not readily available, mainly because the rRNA genes are highly repeated in most experimental organisms. We have constructed an Escherichia coli strain in which all seven chromosomal rRNA operons are inactivated by deletions spanning the 16S and 23S coding regions. A single E. coli rRNA operon carried by a multicopy plasmid supplies 16S and 23S rRNA to the cell. By using this strain we have succeeded in creating microorganisms that contain only a foreign rRNA operon derived from either Salmonella typhimurium or Proteus vulgaris, microorganisms that have diverged from E. coli about 120-350 million years ago. We also were able to replace the E. coli rRNA operon with an E. coli͞yeast hybrid one in which the GTPase center of E. coli 23S rRNA had been substituted by the corresponding domain from Saccharomyces cerevisiae. These results suggest that, contrary to common belief, coevolution of rRNA with many other components in the translational machinery may not completely preclude the horizontal transfer of rRNA genes.
One of the most intriguing hypotheses in modern biology is that all organisms are descendants of an ancient, selfreplicating entity that depended on RNA both for its genetic material and for catalysis (1) . The notion of an ''RNA world'' has gained substantial support from the remarkable discovery of catalytic RNAs (1) . Particularly striking is the demonstration that the peptidyl transferase step of protein synthesis is catalyzed in vitro by rRNA with few or no proteins present (2) (3) (4) . This result is consistent with the highly conserved primary structure of rRNA in all living organisms (5, 6) . This evolutionary conservation of rRNA has had a significant impact on several fields of study in biology. For systematic biology this conservation has been instrumental in revolutionizing taxonomy and in the construction of major phylogenetic trees (5-7). The identification, classification, and placement of many organisms into evolutionary schemes now heavily depend on the determination of the sequences of their rRNA genes. The rapid phylogenetic placement of even unculturable microorganisms is now possible once their rRNA genes have been sequenced (7) (8) (9) (10) . Although the validity of using a single gene for the analysis of organism history has been questioned (11) , the omnipresence of rRNA and its seemingly slow pattern of evolutionary change have resulted in many successful applications in the practical sciences of clinical and environmental microbiology, for example. The comparative analysis of rRNA sequences also has played a major role in identifying many important structural and functional features of rRNA (12, 13) .
Each species' rRNA has evolved in a particular context of ribosomal proteins (r-proteins), tRNAs, and factors that must interact with rRNA at particular steps in its synthesis, assembly, and function. An experimental system to examine rRNA in a foreign setting, forcing it to interact and succeed in an evolutionarily distant environment therefore would provide a powerful method of studying the evolution of fundamental features of rRNA and other factors involved in protein synthesis. Development of such a system has been difficult, however, primarily because most organisms carry multiple, essentially identical rRNA genes. The repetitive nature of the genes also has restricted the mutational analysis of rRNA and the in vivo production of pure mutant ribosome populations that are necessary for a variety of in vitro assays (discussed in ref. 14) . Homogeneous mutant ribosomes usually are obtained by the in vitro reconstitution of ribosomes (15, 16) , but the drawback to this technique is that the activity of reconstituted ribosomes is generally low (14) . The use of organisms and organelles carrying only one copy of an rRNA operon on their genomes has not been aggressively pursued to solve these problems because genetic and molecular biological techniques are not well developed in these systems (14) . In this work we describe the construction of a mutant strain of E. coli in which all seven chromosomal rRNA operons have been deleted and replaced with a single rRNA operon carried by a plasmid, with the aim of developing a simple genetic system for expressing homogeneous rRNA in vivo. A similar system developed in yeast previously was reported but has not yet been broadly used (some applications of the yeast system were reported by Liebman and coworkers in refs. [17] [18] [19] [20] [21] . The advantages of the E. coli system are that both classical genetics and recombinant DNA techniques are highly advanced in this organism and that the vast majority of biochemical, structural, and mutational studies of rRNA have been done on E. coli ribosomes, providing a broad base of information on which to add new observations (14, (22) (23) (24) . We report here an application of our system to the experimental analysis of rRNAs from foreign species that are laterally transferred into E. coli, studies that essentially bypass normal evolutionary processes. and incubated with aeration by shaking. Antibiotics were added at the following concentrations when required: 100 g͞ml ampicillin (Ap), 50 g͞ml kanamycin (Km), 30 g͞ml chloramphenicol, 12.5 g͞ml tetracycline, and 40 g͞ml spectinomycin (Spc).
Construction of rrn-Deletion and rrn ؉ Strains. Details of strain construction will be published elsewhere. Briefly, starting with strain TX⌬11 carrying a deletion of rrnE (25) , four operons (rrnB, rrnH, rrnG, and rrnA) were sequentially inactivated without using antibiotic resistance genes by a gene replacement technique. [The rrnG operon was inactivated with the lacZ coding region (⌬rrnG::lacZ ϩ ).] The remaining rrn operons (rrnD and rrnC) were inactivated by P1-transducing deletion͞insertion mutations (⌬rrnD::cat ϩ and ⌬rrnC::cat ϩ ) in which the deleted regions were replaced with the cat (chloramphenicol resistance) gene (26) .
Strain TA531 was constructed from TA527 by P1-transducing a recA-deletion mutation, ⌬(srlR-recA)306, which was linked to srlR::Tn10. Another recA derivative of TA527, TA542, was constructed by mating TA527 with an Hfr strain carrying the recA56 mutation linked to srlC::Tn10. The Hfr strain also contained the ⌬rrnG::cat ϩ mutation and, during the mating, the ⌬rrnG::lacZ ϩ mutation in TA527 was replaced with ⌬rrnG::cat ϩ .
An rrn ϩ strain, TA563, was constructed from TX⌬11 by introducing rrnE ϩ with Hfr mating. The donor strain was CAG5052 (27) , and the exconjugants were screened for Pur ϩ and rrnE ϩ . Construction of pTRNA Plasmids. The following tRNAcontaining fragments (shown in Fig. 1A ) were placed downstream from the tac promoter, generating pTRNA65. A DNA fragment (226 bp) carrying the tRNA genes for Asp-1 and Trp was amplified from the rrnC operon by PCR with the following primers: 5Ј-GCCGGTCATAAAATCGATGGTTG-3Ј, 5Ј-CCTTAGCTGTCGACAAGGATGAT-3Ј. DNA fragments containing the tRNA genes for Ile-1 and Ala-1B and the tRNA gene for Glu-2 were obtained by SmaI and HpaI digestion of the rrnD and rrnB operons, respectively. A fragment with the tRNA gene for Thr-1 and the rRNA transcription terminators was prepared by digesting the rrnD operon with XmnI and EcoRI. pTRNA66 was spontaneously generated from pTRNA65 by deletion of the gene for tRNA Glu-2.
Plasmid Replacement. TA531 contains pHK-rrnC ϩ and is resistant to Km. This strain was transformed to Ap resistance with pSTL102 (28) , and the transformants were grown to saturation in the absence of Km. The cultures were diluted and plated on Ap plates, and colonies on the plates were screened for sensitivity to Km. In this experiment, Ϸ20% of Ap-resistant transformants were Km-sensitive. The efficiencies of plasmid replacement in the other experiments were similar to this value.
Primer extension was carried out essentially as described (29) .
Determination of rRNA͞Protein Ratios. The amount of total RNA was obtained by measuring the absorption at 260 nm of RNA hydrolysates as described in refs. 30 and 31. The amount of rRNA in stable RNA then was determined from the molar ratio of rRNA to tRNA. To obtain this ratio, total RNA was prepared from cells as described in ref. 32 , and 5S rRNA and tRNA (4S) were fractionated by polyacrylamide gel electrophoresis (4% gel, see ref. 33) , and the intensity of each band was determined with the IS-1000 Digital Imaging System (Alpha Innotech, San Leandro, CA). The ratio of rRNA to tRNA thus obtained with wild-type (wt) cells should represent the known ratio, i.e., one 5S rRNA molecule per nine tRNA molecules (30) . The rRNA͞tRNA ratios in other strains were calculated based on this assumption. The total size of rRNA and the average size of tRNAs used to obtain the amount of rRNA in total RNA were 4,566 bp and 80 bp, respectively. The amount of total protein was determined as described in ref. 31 with BCA Protein Assay Reagent (Pierce). (16S, 23S, and 5S) rRNA genes ( Fig. 1 A) . Ellwood and Nomura (25) were the first to construct several E. coli strains in which all three rRNA genes of the rrnE operon were completely deleted. We chose one of their strains (TX⌬11) for the starting material and sequentially introduced deletion mutations into the 16S and 23S rRNA genes of the remaining six operons (see Materials and Methods). The deletions are shown in Fig. 1 A, and the relevant strains and the order of deletions introduced are summarized in Fig. 2 . The lack of intact 16S and 23S rRNA genes in these strains (termed here ⌬1, ⌬2, ⌬3, etc.) was verified by Southern blot analysis, and a typical result is shown in Fig. 3 . Each rRNA operon contains at least one tRNA gene between the 16S and 23S rRNA genes; rrnB, rrnC, rrnE, and rrnG contain the tRNA gene for Glu-2, whereas the tRNA genes for Ile-1 and Ala-1B are found in rrnA, rrnD, and rrnH (34) . These tRNA (spacer tRNA) genes are encoded only in the rRNA operons. Because introduction of our deletions ultimately removes all spacer tRNA genes, we have cloned these genes, as well as other tRNA (distal tRNA) genes encoded in the rRNA operons, into a derivative of pACYC184 carrying the Spc resistance marker (resulting in plasmids pTRNA65 and 66, Fig. 1B ). The presence of one of these plasmids is essential for the viability of TA516, in which only the rrnC operon is left on the chromosome, and derivatives of this strain. Similarly, a plasmid producing active 16S and 23S rRNAs (termed here prrn) is essential for strains carrying no intact rRNA operons on the chromosome. We used a derivative of pSC101 containing the wt rrnC operon, pHK-rrnC ϩ (Fig. 1C) , for the construction of the first ⌬7 prrn strain, TA527.
RESULTS

Deletion of All Seven
Expression of Homogeneous rRNA in ⌬7 prrn: Manipulation of rRNA Species by Plasmid Replacement. Pure ribosome populations containing rRNA molecules from a single operon are optimal for detailed analyses of rRNA functions in vitro. The ⌬7 prrn strain should provide such a population of homogeneous ribosomes as it contains only a single intact rRNA operon on a plasmid. To confirm that this homogeniety was the case, we replaced the rRNA-producing plasmid, pHK-rrnC ϩ , in a recA derivative of ⌬7 prrn (TA531, Fig. 2 ) with a plasmid producing rRNA from a different operon, pSTL102 (plasmid replacement, see Materials and Methods). The resulting strain is TA540. Plasmid pSTL102 is a derivative of pBR322 carrying a mutant, but functional, rrnB operon of E. coli (28) . It contains single base substitutions in the 16S rRNA gene at position 1192, conferring resistance to Spc, and in the 23S rRNA gene at position 2058, conferring resistance to erythromycin (Fig. 1 A; ref. 35) . Either of these base substitutions can be distinguished from the wt base by a modified primer extension method developed by Morgan and coworkers (29) . As shown in Fig. 4 , wt 16S molecules were not detected in a total RNA sample prepared from TA540, suggesting that 16S rRNA molecules in ⌬7 prrn strains were indeed homogeneous. By using an rRNA plasmid carrying the S. typhimurium rrnD operon, we also showed that 23S rRNA molecules in ⌬7 prrn strains were homogeneous (see below). , A for rrnA) . When the inactivation was carried out by a deletion͞insertion mutation, a capital letter is followed by a lowercase letter c or z representing the inserted gene cat ϩ or lacZ ϩ , respectively (for example, Ac for rrnA::cat ϩ ). pTRNA, pHKrrnC ϩ , and pSTL102 contain Spc, Km, and Ap resistance markers, respectively. All rRNA operons cloned in the plasmids shown contain the gene for tRNA Glu-2. Fig. 1 A) of the 16S rRNA gene was labeled with 32 P and used for hybridization. TA520, 531, and 542 contain an rRNA plasmid, pHK-rrnC ϩ and thus give an additional band (8.4 kb) carrying the plasmid-borne rrnC operon (see Fig. 1C ) just above the rrnD band (8.1 kb). (B) Inactivation of the 23S rRNA genes. Probe I was removed from the membrane shown in A, and the cellular DNA was rehybridized with 32 P-labeled probe II carrying the DNA sequence between the HpaI and the SalI sites in the 23S rRNA gene (Fig. 1 A) . TA520, 531, and 542 again gave a plasmid-derived band. The ⌬rrnG::lacZ ϩ construct contains the HpaI-SalI region of the gene (Fig. 1 A) . Therefore, in TA447, 488, 516, 520, and 531 in which the rrnG operon was inactivated with this construct, the rrnG ϩ -containing band (15.5 kb) disappeared and a new band with the expected size (11.6 kb, indicated by an arrow) appeared just above the rrnE band (11.2 kb). This band disappeared in TA542 in which ⌬rrnG::lacZ ϩ was replaced with ⌬rrnG::cat ϩ .
Biochemistry: Asai et al. Proc. Natl. Acad. Sci. USA 96 (1999)
We conclude that both 16S and 23S rRNA molecules in ⌬7 prrn strains are homogeneous and that the plasmid replacement technique provides a powerful tool for manipulating rRNA species in ⌬7 prrn strains. Expression of Foreign rRNA in the ⌬7 prrn Strain. As a first step toward the experimental analysis of rRNA evolution, we constructed a strain producing homogeneous hybrid ribosomes in vivo. These ribosomes contain S. typhimurium 16S and 23S rRNAs and E. coli r-proteins. Unlike E. coli rRNAs, the 23S rRNAs of S. typhimurium contain at least one intervening sequence that is excised by RNase III during rRNA maturation (36) . This cleavage results in 23S rRNA molecules that are fragmented, but nevertheless functional in the bacterium. pSt1 is a derivative of pBR322 carrying the entire rrnD operon (including regulatory regions) of S. typhimurium (36) . The 23S gene in this operon contains a single intervening sequence in helix 45 beginning at position 1164 (Fig. 1 A) . We inserted the K m resistance gene into pSt1 within the vector sequence and the resulting plasmid, pSt1-Km, was introduced into a ⌬7 prrn strain TA548, replacing pSTL102 and generating TA554 (Fig.  2) . To prove that this E. coli strain was growing uniquely with S. typhimurium 16S and 23S rRNAs, we did the following experiments showing that only S. typhimurium rRNA was expressed. First, no E. coli 23S rRNA molecules could be detected by primer extension on a total RNA preparation isolated from TA554 (Fig. 5A) . Second, all of the 23S rRNA molecules visible in this strain on agarose gels were fragmented, characteristic of Salmonella rRNA; no intact 23S rRNAs could be seen (Fig. 5B) . Third, the 500-bp EcoRI-SalI fragment present in all E. coli 23S genes was not detected by Southern blot of a total DNA preparation isolated from TA554, using probe II (shown in Fig. 1 A) , specific for early 23S sequences. Instead, we detected a larger fragment, characteristic of Salmonella operons, the result of the presence of the Ϸ90-bp intervening sequence (data not shown; ref. 36) . Fourth, the sequence of cDNA molecules amplified by PCR from 16S rRNA in TA554 corresponded uniquely to S. typhimurium rRNA (data not shown). From these results, we conclude that S. typhimurium 16S and 23S rRNAs can form functional ribosomes in vivo, which, in turn, can interact correctly with the other components of the E. coli translational machinery. We detected very little difference in either growth rate or rRNA͞protein ratio between TA548, containing E. coli ribosomes, and TA554, containing hybrid ribosomes (Table 1) . Because a ribosome defect or deficiency would be predicted to lower the growth rate of the cells (30), these results suggest that translation efficiency and fidelity of the hybrid ribosomes are similar to those of E. coli ribosomes.
We used the same approach to replace the E. coli rRNAs with those from one of the most distantly related enteric bacteria, Proteus vulgaris (37) . Although the sequence of the 23S rRNA gene of P. vulgaris is unknown, we found that the 23S gene cloned in pPM2 (38) contained a large (200 bp) intervening sequence in helix 25 beginning at position 533 (Fig.   FIG. 4 . Expression of homogeneous rRNA in ⌬7 prrn strains. 16S rRNA molecules in the rrn ϩ strain and in ⌬7 prrn strains carrying either wt (pHK-rrnC ϩ ) or mutant (pSTL102) rRNA plasmid were analyzed by primer extension. DNA primers annealed to 16S rRNA molecules were extended in the presence of one dideoxynucleotide (ddATP) and three deoxynucleotides (dGTP, dCTP, and dTTP). Because mutant 16S rRNA produced from pSTL102 contains a C to U change, primers hybridized to wt and mutant 16S molecules are extended by four nucleotides and one nucleotide, respectively.
FIG. 5.
Expression of foreign rRNA in ⌬7 prrn strains. (A) Primer extension analysis. 23S rRNA molecules in the rrn ϩ strain and in ⌬7 prrn strains carrying either E. coli (pSTL102) or S. typhimurium (pSt1-Km) rRNA plasmid were analyzed by primer extension as described in Fig. 4 . The primer used in this experiment hybridizes to a common sequence in E. coli and S. typhimurium 23S rRNAs but gives different extension products because of a sequence difference between the two molecules. (B) Fragmentation of 23S rRNA. Total cellular RNA prepared from the rrn ϩ strain and ⌬7 prrn strains carrying plasmids with E. coli (Ec, pSTL102), S. typhimurium (St, pSt1-Km), or P. vulgaris (Pv, pPM2) rRNA is shown. Fragmented 23S rRNA molecules are indicated by a prime. 1 A; D.Z. and C.L.S., unpublished data). As shown in Fig. 5B , we were able to replace all of the E. coli 23S rRNA molecules with the corresponding P. vulgaris rRNAs. When cDNA amplified from 16S rRNA in a ⌬7 prrn strain carrying pPM2 was sequenced, only P. vulgaris rRNA was detected (data not shown). Although the rRNA͞protein ratio was unchanged, the doubling time of the cells expressing P. vulgaris rRNA was slightly larger than that of E. coli (Table 1) . We conclude that P. vulgaris rRNA can function effectively with E. coli translational components, but the slightly lowered growth rate suggests a somewhat lowered ribosome efficiency. In contrast, an rRNA operon from Pseudomonas aeruginosa, which is more distantly related to E. coli than P. vulgaris, failed to replace an E. coli operon. We have used the expression and processing regions of the Pseudomonas operon, perhaps these signals do not function adequately in E. coli. Experiments are in progress to determine the specific characteristics of the P. aeruginosa operon that prevent it from functioning in E. coli. Thompson et al. (39) replaced the r-protein L11 binding domain comprising the GTPase center of E. coli 23S rRNA with the equivalent region from yeast 26S rRNA. A plasmid (pWM1) expressing such a hybrid 23S rRNA, along with wt E. coli 16S rRNA, had no effect on the growth rate of wt E. coli cells, despite the fact that more than 75% of the ribosome population was mutant. Because the secondary, but not the primary, structure of this domain is extremely conserved between E. coli and yeast rRNAs, the result suggested that only the secondary structure is crucial for rRNA-L11 interaction in vivo. The hybrid particles did, however, show a somewhat reduced rate of GTP hydrolysis in vitro compared with wt ribosomes (39) . We were interested to see whether E. coli could survive with 100% mutant ribosomes. We successfully replaced the plasmid-borne E. coli rRNA operon in the ⌬7 prrn strain with the E. coli͞yeast hybrid operon, showing that a pure population of hybrid ribosomes can support growth of E. coli. However, unlike the result obtained by Thompson et al. (39) , the doubling time of ⌬7 prrn cells containing the hybrid ribosomes was increased by 29% (Table 1) . This increase might be related to the decreased GTPase activity of the hybrid ribosomes. We believe that the use of the ⌬7 prrn strain has allowed the in vivo unmasking of an otherwise subtle phenotype. In contrast to the doubling time, the rRNA͞protein ratio in ⌬7 prrn cells expressing the hybrid ribosomes remained similar to that in cells containing E. coli ribosomes (Table 1) . We therefore conclude that although the E. coli͞yeast hybrid 50S subunits are functional, their efficiency is significantly decreased relative to E. coli ribosomes. There are 20 single base differences between the E. coli and yeast sequence in this domain (39) , so it is possible that the primary structure is also important for its interaction with r-protein L11 and other translational components.
DISCUSSION
Early studies by Nomura and coworkers (40) demonstrated that functional 30S subunits can be reconstituted in vitro from the 16S rRNA of one species of bacteria and the r-proteins of a distantly related species. They concluded that only certain regions of rRNA are evolutionary conserved and directly involved in the specific interaction with r-proteins in the assembly of ribosomal particles. Comparison of various rRNA sequences and localization of r-protein binding sites subsequently have confirmed their conclusions (12, 13, 23, 24) , providing the validity of using hybrid ribosomes for studying the evolution of rRNA and r-proteins. Such an approach has not been extensively exploited, however, probably because the ribosome is a large and complex ribonucleoprotein particle and reconstitution of ribosomes is technically difficult. In vivo analysis of rRNA evolution also has been hindered by the repetitive nature of the rRNA genes. Formation of hybrid ribosomes in vivo first was reported by Stackebrandt's group (38) . They expressed P. vulgaris rRNA in E. coli from a plasmid-borne gene and found that Ϸ25% of total ribosomes contained Proteus 16S rRNA (38) . This group also introduced an entire rRNA operon of P. vulgaris into the E. coli chromosome and showed that the fraction of hybrid ribosomes was Ϸ5% (41). In the study reported here, we have succeeded in generating 100% homogeneous hybrid ribosomes in vivo. This system therefore should provide a powerful tool for the study of rRNA evolution.
S. typhimurium and P. vulgaris differ from E. coli in the 16S coding sequence by 3.2% and 6.8%, respectively. Although one thinks of E. coli and S. typhimurium as rather close relatives, Ochman and Lawrence (37) estimate, based on 16S rRNA sequence differences, that they diverged from a common ancestor about 120-140 million years ago. Thus, their lineages probably have been separated since the advent of mammals and flowering plants. Also based on 16S rRNA sequence differences, it has been suggested that E. coli diverged from P. vulgaris about 350 million years ago (42, 43) . The rRNAs of Salmonella and Proteus have evolved independently within the constraints of their own specific protein and RNA factors. For example, the interaction sites mapped for E. coli r-proteins S8, S9, S10, S19, and S20 have different sequences in S. typhimurium. A similar analysis of the P. vulgaris 16S rRNA sequence suggests that the S8, S9, S10, and S14 interaction sites are altered. The stem-loop structure between positions 1130 and 1140 of E. coli 16S rRNA has been shown to be important for interaction with S9 and S10 (23). Four of five bases in this loop region are different in P. vulgaris, whereas two are changed in S. typhimurium. It therefore is surprising that Salmonella and Proteus rRNAs are able to form functional hybrid ribosomes with E. coli r-proteins and translation factors. It is even more surprising that E. coli cells containing only these hybrid ribosomes grow nearly as well as those containing pure E. coli ribosomes. As we have done with the E. coli͞yeast hybrid, studies in which the rRNA genes of even more distantly related organisms are placed into E. coli should provide considerable information about specific interactions within the translational machinery, elucidating the limits to which these interactions can be extended. Furthermore, the fate of heterologous rRNA genes that are transferred into E. coli from different sources can be experimentally evaluated with the rrn-deletion strains. This work should help to understand the significance of horizontal gene transfer (44) , one of the most debated questions in the field of molecular evolution and one that recently has become the focus of much attention (11) .
In addition to experimental evolutionary biology, the rrndeletion strains can be used for many other studies of rRNA. For example, one can directly test the hypothesis that the downstream box enhancer element in some mRNAs requires base pairing to a specific region of the 16S rRNA by simply changing that region of the 16S sequence (45) . Replacement of the plasmid-encoded wt rRNA operon in a ⌬7 prrn strain with one in which the 16S gene was altered in the antidownstream box was predicted to result in a cell in which mRNAs with a downstream box base pairing are not selectively translated. However, preliminary data suggest that the downstream box does not form the proposed base-pairing interaction with mRNA and indicate that enhancement of translation by the downstream box does not involve rRNA-mRNA base pairing (M. O'Connor, C.L.S., and A. E. Dahlberg, unpublished work).
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